ABSTRACT Laboratory studies were conducted to assess the effect of temperature n the development and survival of the indigenous parasitoid Pnigalio pectinicornis L. on the citrus leaf miner Phyllocnistis citrella Stainton as host, fed on leaves of Citrus sinensis L. Osbck cultivar Washington navel and Citrus reticulata Blanco cultivar Clementine. Experiments were conducted at Þve constant temperatures ranging from 15 to 32.5ЊC, with 60 Ϯ 10% RH and a photoperiod of 14:10 (L:D) h. The relationship between the developmental rate and temperature was determined using both linear and nonlinear (LactinÕs formula) models. Developmental time of immature stages tended to be shorter as the temperature increased the range from 15 to 30ЊC. Mortality was greater at the temperatures extreme tested. Both linear and nonlinear models provided a reliable Þt of developmental rates versus temperature for all immature stages. Developmental thresholds that were estimated by the linear model for eggs were higher than those estimated by the nonlinear model. However, higher values of the low developmental threshold for larva and pupa stage of P. pectinicornis were estimated by the Lactin-2 model than that by the linear model. The potential of these models to predict the phenology of this parasitoid and its biological characteristics found in this study are discussed for its proper use as a biological control agent.
The citrus leaf miner, Phyllocnistis citrella Stainton (Lepidoptera: Gracillariidae), is a widespread pest of citrus in Asia (Heppner 1993) . However, during the last decade, it has spread to almost all citrus-producing areas of the world (Knapp et al. 1995) . In Greece, P. citrella was Þrst recorded in the island of Rodos (Southeastern Greece), 11 yr ago, and within a few months, it had spread to almost all citrus-growing areas (Anagnou Veroniki 1995 , Michelakis 1997 . P. citrella damage young developing leaves and causes problems particularly in young trees, nurseries, and overgraftings. Studies have shown that, under Mediterranean conditions, its damage on adult trees lacks economic importance (Conzález 1997 , Granada et al. 1997 . Initially, P. citrella was controlled using insecticides but it soon became evident that chemical control was a short-term and costly solution, with unfavorable consequences to the existing integrated pest management (IPM) programs (Knapp et al. 1995) . Biological control was considered the most effective method of managing P. citrella in mature orchards. Schauff et al. (1998) recorded Ͼ80 species of hymenopteran parasitoids of immature stages of P. citrella throughout the world, and several of these species seem to be capable of reducing signiÞcantly P. citrella populations. Most P. citrella parasitoids are eulophids; however, the complexes are usually complemented by encyrtids, elasmids, eurytomids, and pteromalids (Schauff et al. 1998 ). In the Mediterranean basin, Ϸ30 species of parasitoids have been recorded since 1994 (FAO 1996 , Schauff et al. 1998 , although the actual role of these natural enemies in regulation of P. citrella populations remains unknown for most of them. In Greece, the native parasitoids Pnigalio pectinicornis Linnaeus (Hymenoptera: Eulophidae), Neochrysocharis formosa (Westwood) (Hymenoptera: Encyrtidae), and Cirrospilus pictus Nees (Hymenoptera: Eulophidae) have been recorded (Kalaitzaki et al. 1997 , Tsagarakis et al. 1999 . Among them, P. pectinicornis is one of the most abundant (Kalaitzaki et al. 1997) . P. pectinicornis also has been found as one of the most abundant parasitoids of P. citrella in Spain (Urbaneja et al. 1999) . It is a polyphagous parasitoid of leafmining or gallmaking insects mainly of Lepidoptera, Diptera, and Coleoptera species (Askew 1968 , Boucek and Askew 1968 , Navone and Vidano 1983 , Santoro and Arzone 1983 , Papp 1984 , Alma 1995 . Studies on occurrence and abundance of P. pectinicornis have shown that this species could be effective against P. citrella in Mediterranean environmental conditions (Kalaitzaki et al. 1997 , Tsagarakis et al. 1999 , Urbaneja et al. 1999 , and although the parasitoid can be found all over Europe, no data on its biology are available.
However, to evaluate a natural enemy for its potential as a biological control agent, studies on its biological characteristics such as development and survival at different conditions are essential. Development processes of ectothermic organisms such as insects are very sensitive to temperature and the speed of development varies with temperature (Andrewartha and Birch 1954). Various mathematical formulae have been used to express the relationship between temperature and rate of development of insects. Linear degree-day models are usually used, but the nonlinear models describe development of insects under variable temperatures.
In this study, we examined both linear and nonlinear models of immature development for development of P. pectinicornis to provide a more precise understanding of this species for the determination of its ability as a biological control agent. This work aimed (1) to study the development and survival of P. pectinicornis when reared on P. citrella under different temperatures; (2) to study whether the host plant (on two of the most important cultivated citrus cultivars in Greece), the sex ratio of the parasitoid, and the larval stage of P. citrella affect the development of the parasitoid; (3) to describe the relationship between rate of development and temperature using both linear and nonlinear models; and (4) to estimate the thermal requirements for development of the parasitoid on each host plant system.
Materials and Methods
Insect Cultures. Adult P. citrella emerged from infested shoots that were collected from citrus orchards in the county of Chania, Crete, in 1997, and have been continuously cultured in the insectary of the Institute of Olive Tree and Subtropical plants of Chania. The cultures were maintained on young sour orange plants, Citrus aurantium L., in a glasshouse at 22.5 Ϯ 2.5ЊC (SD) and natural lighting.
Cultures of the parasitoid P. pectinicornis were initiated from adults emerged from parasitized larvae of P. citrella collected in citrus orchards in the area of Chania, Crete, during the summer of 1998 and were continuously cultured in the laboratory. For the culture of P. pectinicornis, the plantation of young sour orange plants and P. citrella immature stages suitable for parasitism were necessary. The methodology adopted for the parasitoid rearing was similar to that developed by Agrov and Rö ssler (1998) .
According to this method, the culture of P. pectinicornis was maintained on 2-to 3-yr-old young sour orange plants infested with P. citrella. Plants were placed in transparent Plexiglas cages (50 by 50 by 100 cm) in growth chambers in the laboratory at 25 Ϯ 0.5ЊC, 60 Ϯ 10% RH, and a photoperiod of 14:10 (L:D) h.
Development and Mortality of Immature Stages. The development of P. pectinicornis was studied using eggs Ͻ8 h old. For this purpose, adult parasitoids 5Ð 6 d old were paired, and each pair was placed individually into cylindrical transparent plastic cages (9 cm diameter by 21 cm height). The cage top opening was covered with muslin to allow ventilation, whereas its base was inserted into a same diameter plastic container (9 cm diameter by 5 cm height). In each cage, detached citrus leaves bearing 10 third-and fourthinstar larvae (prepupa) of P. citrella, which are the preferred hosts for P. pectinicornis oviposition, were placed, with their petioles in a small plastic jar (25 ml) Þlled with water. For adult parasitoids, a few droplets of undiluted honey were put on the inner side of the cage and watered with a moistened wick, the lower part of which was inserted in a small plastic jar Þlled with water. Twenty cages (pairs) were used in each treatment. After its introduction in the cage, the parasitoids were left undisturbed for 8 h. The leaves were inspected for parasitoid egg presence under a stereoscopic binocular microscope. Leaves with hosts on which one egg had been deposited were transferred individually and placed on a water soaked cotton layer in a plastic petri dish (9 cm in diameter and 1 cm high).
The development time and mortality of the parasitoid immature stages were studied on larvae of P. citrella reared on leaves of sweet orange Citrus sinensis L. Osbck (cultivar Washington navel) or on leaves of mandarin Citrus reticulata Blanco (cultivar ClementineÐAlgerian). On the Þrst host plant, the experiments were conducted at 15, 20, 25, 30, and 32.5ЊC, whereas on the latter, they were at 20, 25, and 30ЊC, in a controlled growth room with 60 Ϯ 10% RH, 14:10 (L:D)-h photoperiod, and 10,000 Lux light intensity. In each experiment, Ͼ42 replicates were used.
The development time of the parasitoid immature stages was studied on third-and fourth-instar larvae of P. citrella, reared on leaves of sweet orange and on leaves of mandarin. There were Ͼ20 replicates per treatment for both host plants.
The development time and mortality of the immature stages of the parasitoid were recorded at 12-h intervals until adult emergence at all temperatures, except that of 32.5ЊC, where observations were taken at 8-h intervals. The sex of the emergent parasitoids was recorded in all cases. In the estimation of the development time of immature stages, only data from individuals that reached adulthood were used.
Thermal Requirements for Development. The thermal requirements for development of P. pectinicornis were estimated using the linear model as described by Campbell et al. (1974) . The temperature threshold (t) for development was estimated by extrapolating to zero the linear part of the relationship between temperature and development rate (the reciprocal of the average development period in days). This relationship was described by the regression equation y ϭ a ϩ bT, where y is the rate of development and T is the temperature in ЊC. The temperature threshold was calculated as t ϭ Ϫa/b and the thermal constant (k; i.e., the amount of heat units required for development) as k ϭ 1/b degree-days (Campbell et al. 1974) . In this study, only data obtained at 15, 20, 25, and 30ЊC were used in the calculations because only those values were in the linear part of the relationship between temperature and rate of development.
The relationship between temperature and development rate was also studied using the improved nonlinear model of Lactin et al. (1995) . This model eliminates a redundant parameter and introduces an intercept parameter on a version the model developed by Logan et al. (1976) , to allow for the estimation of temperature developmental threshold. This model is composed of four parameters and has the following form:
where r(T) is the developmental rate at temperature T, and , T max , ⌬, and are Þtted parameters. The data on the development were analyzed using split-plot analysis. If necessary, data were transformed to arcsine before the analysis. The means were compared for signiÞcance using Tukey honestly signiÞcant difference (HSD) at P Ͻ 0.05. Differences in the mortality rates were tested for signiÞcance with the 2 test after data had been arcsine transformed. Data analyses and the Þtted curves were carried out using the statistical package JMP (SAS Institute 1989).
Results

Development Time and Mortality of Immature
Stages. Mortality percentages of the various stages of the parasitoid are shown in Table 1 . Mortality for the total development did not differ signiÞcantly among temperatures on sweet orange ( 2 ϭ 2.02; df ϭ 4; P Ͼ 0.7312) or on mandarin ( 2 ϭ 2.985; df ϭ 2; P Ͼ 0.2245). On the sweet orange mortality was highest at 15ЊC (51.5%) and lowest at 25ЊC (30.7%) and on mandarin mortality was highest at 20ЊC (30.9%) and 30ЊC (31%) and lowest at 25ЊC (14.3%). Between the two host plants, signiÞcant lower mortality was recorded at 25ЊC on mandarin ( 2 ϭ 5.92; df ϭ 1; ⌹ Ͻ 0.0141; Table  1 ). Among the immature stages, the larval stage was the most sensitive stage and pupa stage the less sensitive, at all tested temperatures (Table 1) .
Developmental time in days of egg, larva, and pupa stages of the parasitoid P. pectinicornis reared on P. citrella on sweet orange and mandarin leaves at various temperatures is shown in Table 2 . The development time of all immature stages of P. pectinicornis was related to temperature and there were signiÞcant differences between temperatures (Table 2 ). Mean total developmental time from oviposition to adult emergence varied from 24.12 d at 15ЊC to 8.24 d at 30ЊC on sweet orange (F ϭ 3712.48; df ϭ 4,184; P Ͻ 0.0001) and from 11.84 at 20ЊC to 8.08 d at 30ЊC on mandarin (F ϭ 179.46; df ϭ 2,96; P Ͻ 0.0004). Within the limits 15Ð 30ЊC, the development period decreased as the temperature increased. The shortest total developmental time of the immature stages was recorded at 30ЊC on both host plants. At 32.5ЊC, developmental time of all immature stages increased slightly compared with that at 30ЊC.
The development time of the pupal stage was the longest, in all temperatures, followed by that of larva stage. The egg stage had the shortest developmental period.
The development time of the various immature stages between the two host plants did not differ signiÞcantly at the three tested temperatures. There was only one exception for pupa development period at 20ЊC (F ϭ 32.64; df ϭ 1,59; P Ͻ 0.0007; Table 2 ). The interaction between temperature and the host plant for the total development period was not signiÞcant (F ϭ 1.81; df ϭ 2,9; P Ͼ 0.1850).
The development time in days of egg, larva, and pupa stages of male and female of P. pectinicornis reared on P. citrella on sweet orange and mandarin leaves at various temperatures is shown in Table 3 . The total development time of males was no signiÞcant different than of females at all tested temperatures on sweet orange and on mandarin (Table 3) .
The development time in days of egg, larva, and pupa stages of the parasitoid P. pectinicornis reared on third-and fourth-instar larvae of P. citrella on sweet orange and mandarin leaves at various temperatures is shown in Table 4 . No signiÞcant differences of the mean development period of P. pectinicornis were found between those individuals reared on third-and fourth-instar larvae of P. citrella. There were only two exceptions for pupa and total development period at 15ЊC on sweet orange (F ϭ 170.33; df ϭ 1,16; P Ͻ 0.0001 Table 1 . Percentage mortality (%) of egg, larval, and pupal stages of P. pectinicornis reared on P. citrella in leaves of sweet orange (Washington navel) and mandarin (Clementine) at various constant temperatures and F ϭ 46.22; df ϭ 1,16; P Ͻ 0.0002, respectively). The interaction between temperature and the host stage was no signiÞcant different. There were only two exceptions for pupa and total development period on sweet orange (F ϭ 42.86; df ϭ 4,35; P Ͻ 0.0001 and F ϭ 23.91; df ϭ 4,35; P Ͻ 0.0001, respectively). Lower Temperature Threshold and Thermal Constant. The linear regression equations that describe the relationship between temperature and the rate of egg, larva, pupa, and total development on sweet orange and mandarin were estimated (Table 5 ). The temperature threshold for egg development was higher than those of larva, pupa, and total development. In the case of sweet orange, the estimated lower development threshold was 7.01, 4.50, and 5.36ЊC for egg, larva, and pupa stages, respectively, and 5.27ЊC for the total period of development. In the case of mandarin, the lower development threshold was 6.82, 6.08, and 4.69ЊC for egg, larva, and pupa stages, respectively, and 5.40ЊC for the total period of development. The lower temperature threshold for the immature stages of P. pectinicornis were similar between the two tested host plants (Table 5 ).
The number of degree-days required for the completion of each immature stage and total development of the parasitoid are shown in Table 5 . The degreedays required for completion of P. pectinicornis development were 192 and 189 DD on sweet orange and mandarin, respectively. Among the immature stages, the pupal stage had the largest thermal constant followed by that of the larval stage in both host plants.
The nonlinear model produced a good Þt to the data of sweet orange within the ranger of 15Ð32.5ЊC (Fig.  1aÐ c) as indicated by the coefÞcients of determination (R 2 ; Table 6 ). The temperature threshold for the egg development estimated by this model was lower than that obtained from the linear model, whereas the reverse was true for the larval and pupal stages (Tables  5 and 6 ). The optimal development temperatures estimated for egg, larva, and pupa stages were estimated to be 30.50, 29.00, and 29.50ЊC, respectively (Table 6 ).
Discussion
The parasitoid P. pectinicornis completed its development with a high success rate (69.3%) at 25ЊC, whereas at the other temperatures, it completed its development at lower rates when reared on P. citrella on two host plants (Tables 1 and 2 ). Therefore, P. citrella seems to be a suitable host for P. pectinicornis development at a wide range of temperatures. As far as we know, there are no other studies for development of immature stages of P. pectinicornis.
Its development was favored at temperatures ϳ20 Ð 30ЊC, whereas at relatively low temperatures, its development was delayed (Table 2) . Field studies during 1997Ð2000 showed that in the area of Chania, P. pectinicornis populations seemed to be higher, parasitizing citrus leafminer, from late May until July (A. Kalaitzaki, D. Lykouressis, S. Michelakis, unpublished data). The mean temperature in Chania during this ) of eggs (a), larvae (b), and pupae (c) of P. pectinicornis at constant (F) temperatures. Fitted curves according to model of Lactin et al. (1995) . Fitted lines according to model of Campbell et al. (1974). period was 23.6ЊC (1997Ð2000), which is favorable for the development of the parasitoid.
The results on P. pectinicornis development indicate that the citrus leaf miner can support the population increase of parasitoid, and this agrees with the results of the Þeld studies showing that it has been one of the most abundant indigenous natural enemy of P. citrella in citrus in Crete and southern Greece (A. Kalaitzaki, D. Lykouressis, S. Michelakis, unpublished data).
Among the parasitoids of the citrus leaf miner the development of Pnigalio minio (Walker) has been studied when reared on P. citrella on "Tahiti" lime, and its development was completed in a period similar to that required by P. pectinicornis (24.9 and 8.9 d at 18 and 30ЊC, respectively) (Duncan and Peñ a 1996) . However, the development period of Quadrastichus sp. (Hymenoptera, Eulophidae), when developed on P. citrella at 20ЊC, was signiÞcantly longer than that of P. pectinicornis (18.15 and 17.09 d for females and males, respectively) (Llácer et al. 1998) . Similarly, Cirrospilus sp. near lyncus, (Hymenoptera: Eulophidae) another indigenous parasitoid of P. citrella in Spain, completed its development on sour orange at a signiÞcantly longer period than P. pectinicornis at the same tested temperatures (15Ð30ЊC) (Urbaneja et al. 1999) . These results show the importance of conducting studies on development because they reveal differences in biological characteristics among the various parasitoids. The knowledge of these characteristics is useful for the most appropriate usage of biological control agents.
According to the results, the highest percentage of mortality on sweet orange was recorded at 15ЊC (51.5%), followed by that at 30 and 32.5ЊC (43.1%), and the lowest mortality at 25ЊC (30.7%). On mandarin, the lowest mortality was recorded also at 25ЊC (14.3%). Mortality rates of immature stages of P. pectinicornis were greater at the lower and higher temperature limits, and these Þndings agree with the common Þnding that mortality versus temperature curves of insects are generally U-shaped (Ratte 1985) . As far as we know, these results on mortality of immature stages are the Þrst ones published for a parasitoid species within this genus.
In the study of Llácer et al. (1998) , similar percentages of mortality were recorded for Quadrastichus sp. reared on sour orange at 20ЊC (13.6, 25.1, and 2.7% for eggs, larvae, and pupae, respectively). However, Urbaneja et al. (1999) found that mortality rates of C. sp. near lyncus when developed in P. citrella reared on sour orange were signiÞcantly lower than those recorded in this study for P. pectinicornis and reached 9. 8, 11.4, 12.1, and 21.9% at 15, 20, 25, and 30ЊC, respectively. The pupal stage of P. pectinicornis required a signiÞcantly longer period to complete its development than the other stages, whereas the period of development was shortest for the egg stage (Table  2) . These Þndings are in agreement with those of other parasitoids of P. citrella such us C. sp. near lyncus (Urbaneja et al. 1999) and Quadrastichus sp. (Llá cer et al. 1998) .
In general, males completed development in a shorter period than females, although the differences between them were not signiÞcant (Table 2) . Similar results have been presented for C. sp. near lyncus (Urbaneja et al. 1999) , Quadrastichus sp. (Llácer et al. 1998) , parasitoids of P. citrella, and for some eulophid parasitoids of other pests such as Diglyphyus isaea (Walker) on Lyriomyza spp. (Diptera: Aromyizidae) (Minkenberg 1989) and Sympiesis marylandensis (Girault) on Phyllonorycter blancardella F. (Lepidoptera: Gracillariidae) (Ridgway and Mahr 1990) .
The development time of the immature stages did not differ signiÞcantly between the two host plants at the three temperatures studied. Thus, the host plant does not seem to affect the development time of immature stages of P. pectinicornis. Field experiments in Chania during 1997Ð2000 have shown that percent of parasitism of P. citrella by P. pectinicornis did not differ signiÞcantly between the two host plants sweet orange and mandarin (A. Kalaitzaki, D. Lykouressis, S. Michelakis, unpublished data).
The development time of immature stages of P. pectinicornis was not affected by the host stage (thirdand fourth-instar larva) on which they were reared (Table 4) . Similarly, Taylor (1988) found that, in Bracon hebetor (Hymenoptera: Braconidae), the development time was not affected by host larval size. According of these data, it seems that, at least in some parasitoids, the development rate is not necessarily positively correlated with the size of the host on which the egg was deposited (Jervis and Copland 1996) .
The lower development threshold (t) for the total development period was estimated as 5.27 and 5.40ЊC for sweet orange and mandarin, respectively, values quite similar with the t of the larval and pupal stage and lower than the t of the egg stage. The thermal constant (k) was estimated as 192 and 189 DD for sweet orange and mandarin, respectively. Therefore, the host plant does not seem to inßuence the developmental threshold and the thermal constant of the parasitoid as expected.
From the data of Urbaneja et al. (1999) , the lower threshold temperature of the total development of C. sp. near lyncus on sour orange was estimated at 8.8ЊC, which is higher than the results obtained form this study, where the thermal constant was estimated at 182 DD. , rate of increase to optimum temp; T max , lethal temp; ⌬, difference between the lethal temp and the optimum temp of development; , parameter that makes the curve intercept the x-axis; t, lower development threshold in o C.
The Lactin model described adequately the relationship of developmental rate and temperature for the immature stages of P. pectinicornis. The estimated values of lower developmental threshold of the egg, larva, and pupa stage, by the Lactin-2 model, differed from that of the linear model. The lack of data at lower temperatures may have led to an underestimation of the threshold by the nonlinear model.
Our data also showed that a temperature of 32.5ЊC caused a decrease in the development of the egg, larva, and pupa stages and a departure from the linear trend. This agrees with the estimated values by Lactin model; however, with the estimated values by the Lactin-2 model, a decrease was found in the development of the egg, larva, and pupa at 30.5, 29.0, and 29.5ЊC, respectively.
According to the results of this study and taking into account that lower temperature thresholds estimated from linear regressions are usually higher than the actual ones (Laudien 1973) , it could be proposed that P. pectinicornis development may not cease under weather conditions that occur in winter at the most citrus-producing areas in Mediterranean, provided that suitable hosts are available to the parasitoid. This is supported by the fact that P. pectinicornis is observed to actively parasitize P. citrella and Bactrocera oleae (Rossi) (Diptera: Tephritidae) in winter in Crete (A. Kalaitzaki, D. Lykouressis, S. Michelakis, unpublished data). Also, the parasitoid Pnigalio mediterraneus Ferriere and Delucchi (synonymous with P. argaules; Schauff et al. 1998) , one of the most important parasitoids of B. oleae and Prays oleae (Bernard) (Lepidoptera: Yponomeutidae) (Arambourg and Pralavorio 1986) , is observed in olive groves in Crete throughout the season with no winter diapause (Michelakis 1986) .
Therefore, the presence of P. pectinicornis on citrus in the spring is dependent on its hosts that can develop at temperatures near its lower temperature threshold. Even more, it has been stated that, in temperate climates, the lower thermal thresholds for development of parasitoids in nature are in general higher than that of their hosts (Minkenberg 1989 ). In our case, the lower thermal threshold for development of P. pectinicornis is much lower than of its host, P. citrella (12.1ЊC with a thermal constant of 238 DD) (Yamamoto 1971) . Therefore, the survival of P. pectinicornis during winter could be supported by the presence of alternative hosts, considering that P. citrella is found in the citrus orchards in Crete until December. In citrus-producing areas of Greece, and also in other Mediterranean countries, the survival of the parasitoid during winter could occur on its alternative host B. oleae, because citrus and olives are often cultivated very close to each other.
The lowest temperature thresholds for development of B. oleae have been estimated to be 6ЊC for egg and 10ЊC for larvae in Þeld experiments during October in Crete (Neuenschwander and Michelakis 1979) , whereas corresponding values were 6.3, 8.0, and 8.0ЊC for egg, larva, and pupa development under laboratory conditions (Fletcher and Kapatos 1982) . These thresholds of B. oleae are very similar to that of P. pectinicornis, and considering that immature stages of B. oleae were recorded in the winter and spring in olive groves in Crete, it could be concluded that the role of B. oleae could be essential to the overwintering success rate of the parasitoid.
Therefore, when this parasitoid is going to be used in biological control programs against P. citrella, it is preferable to be released in May because the population of P. citrella starts increasing in citrus orchards, where the presence of other parasitoids is very low (A. Kalaitzaki, D. Lykouressis, S. Michelakis, unpublished data).
In conclusion, this study showed that P. pectinicornis can develop successfully on the citrus leaf miner P. citrella at a range of temperatures. The estimated values of P. pectinicornis thermal requirements, using both linear and nonlinear models, give useful information on its bioecology and its appropriate use in biological control of the citrus leaf miner.
